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The decarbonization of the building sector cannot preclude from the vast diffusion of renewable-sourced
polygeneration systems for covering both heating and cooling demand. In this context, this study shows
the potentialities of a system based on solar thermal collectors, a biomass boiler and an innovative
reversible hybrid heat pump/ORC concept for addressing heating, cooling and domestic hot water de-
mand of residential buildings. The potential is investigated in three cities (Madrid, Berlin and Helsinki),
representative of the different European climates. The share of renewables in different seasons and
building typologies is presented and the possibility of obtaining a 100% renewable system when the
solution proposed is installed in new and renovated buildings is discussed. The results show that in
standard multi-family houses, up to 70% of heating demand and 100% of cooling demand can be covered
by the system in warmer climates and up to 60% share of renewables can be reached in Northern cli-
mates. Moreover, the flexible configuration of the system shows the potential for the application in the
future energy system of the EU.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The energy efficiency of buildings is a central topic in the agenda
of international policy makers and governments. In the EU, where
the building stocks accounts for 40% of overall energy consumption
[1], a strong boost on energy efficiency measures for buildings is
put into action by means of specific directives, such as the Energy
Performance of Buildings Directive (EPBD [2]) and the Energy Ef-
ficiency Directive (EED [3]). Among the key points stated in the
positioning papers and directives, there is the acknowledgements
that most of the buildings that will make up the EU building stocks
in 2050, are already existing. Therefore, the possibility of reno-
vating and retrofitting them is essential. On the other hand, the
EPBD introduces the specific requirements for all new buildings,
and specifically all new buildings from December 31, 2020 must be
nearly zero-energy buildings (nZEB). The effect of energy policies
on the actual performance of buildings, was proven to be effectivedvanced Energy Technologies
Messina, Italy.
omba).
r Ltd. This is an open access article[4] and can lead up to 90% reduction of the energy consumption of a
house when the best performing measures are applied [5].
In this framework, it is essential to work on different and inte-
grated energy efficiency solutions, not only aimed at the optimi-
zation of energy efficiency during the construction of new buildings
but considering their overall energy needs during their life-cycle
span. The possible measures for enhancing the energy efficiency
of buildings can be classified in three categories [1]:
- Passive measures: components and methods that affect thermal
capacitance, transmittance and inertia, ambient and solar gains,
and ventilation of buildings [6,7].
- Active measures: high-performance solutions for space heating/
cooling and domestic hot water (DHW) production [8,9].
- Control techniques for building automation and management
[10].
Considering active measures, there are two tendencies that
allow reducing the primary energy needs of the energy system of a
building: the use of advanced components in optimized configu-
rations [8], and the integration of renewable energy sources thatunder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
Nomenclature
A area, m2
a0 zero-order coefficient solar collectors efficiency
a1 first-order coefficient solar collectors efficiency, W/
(m2K)
a2 second-order coefficient solar collectors efficiency,
W/(m2K2)
G Solar radiation, W/m2
I incident energy from solar collectors, kWh/m2
KFl Angle modifier in longitudinal direction
KFt Angle modifier in transversal direction
Q Energy, kJ
_Q Thermal Power, kW
T Temperature, C








COP Coefficient of Performance
DHW Domestic Hot Water
EER Energy Efficiency Ratio
IAM Incident Angle Modifier
HTF Heat Transfer Fluid
HP Heat Pump
NRB New and Renovated Building
nZEB Nearly-Zero Energy Building
PV-T PhotoVoltaic Thermal
ORC Organic Rankine Cycle




VCC Vapour Compression Cycle
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and primary energy consumption [1]. Considering this latter
approach, the best option to move towards a 100% self-
consumption and 100% renewable scenario by 2050, is the use of
a wide mix of energy sources [11] that are capable of generating not
only heating/cooling but also electricity and DHW, thus covering
the complete energy needs of a building.
Nowadays, most renewable-based solutions rely on a single
power generation source, usually solar thermal or biomass for
space heating and DHW, and PV or wind turbine for combined
heating/cooling/DHW [9]. Great attention was given in the past
years on fuel cell systems that can work as combined heat and
power (CHP) systems for supplying heat and DHW to residential
and non-residential buildings, mainly employing SOFC (Solid Oxide
Fuel Cells) and PEMFC (Proton Exchange Membrane Fuel Cell) [12].
Fuel cell-powered systems, if coupled to heat pumps or thermal
chillers (sorption chillers), can be used for provision of cooling
during summer as demonstrated in Ref. [13]. However, the capacity
ratio between thermal and electric energy of fuel cells can pose a
problem in climates with high space heating demand, with the
consequent need for a gas boiler back-up [14].
Another solution that is being investigated is the hybrid com-
bination of wind and PV as dual-source energy systems [15,16] that
can produce electricity to be used for direct use in buildings and to
drive heat pumps. The findings in Ref. [15] show that the current
market trends are towards a reduction of the cost for these tech-
nologies, that can be considered as valid alternatives to traditional
power generators. However, there are some drawbacks in their
application, mainly linked to the intermittency of the renewable
sources, with a consequent need for storage systems (mainly bat-
teries) and back-up generators.
Among the renewable energy sources for building applications,
solar energy is widely applied worldwide, for direct heating and for
direct production of DHW. An extensive literature is available on
the subject [17]. The application of solar energy in hybrid systems
mainly consists in the combination of solar thermal and solar
photovoltaic (PV) systems for heating/cooling/DHW, with heat
pumps and thermal energy storages. As reported in Ref. [18], the
utilization of these hybrid systems, with a proper control, allows a
high level of self-consumption and consistent energy savings. The
co-generation of thermal and electric energy can also be obtained191with photovoltaic-thermal (PV-T) panels. In Ref. [19], the analysis of
a PV-T system for residential house is studied, showing that a COP
of the heat pump up to 4.2 can be achieved. In order to achieve a
high share of renewables, using solar energy as the only generation
source, passive and active systems must be combined [20] and this
is possible only in favourable climates and areas with low space
heating demand and high solar irradiation. Another alternative
hybrid solution that is gaining interest, is the combination of solar
energy with Organic Rankine Cycles (ORC) for electricity and space
heating demand. For instance, in Ref. [21] is presented a combined
cooling, heating and power system that integrates parabolic
through solar collectors with a single-effect absorption chiller and
an ORC. The results indicate that a maximum solar efficiency of 94%
for the combined production can be achieved, with up to 7% effi-
ciency for power production. In Ref. [22], a hybrid system consisting
of a PEMFC subsystem, an organic Rankine cycle/domestic hot
water (ORC/DHW) subsystem and a vapour compression cycle
(VCC) subsystem is presented. The flexibility of the system allows
its operation also without sun or only as combined cooling and
power production with an efficiency of 75% in winter and 85% in
summer.
The literature survey presented shows that the majority of
systems for residential or non-residential applications, present
strong limitations in terms of application in different climates,
overall share of renewables, or flexibility in supplying heating,
cooling, DHW and electricity according to user needs. To overcome
this gap, the EU-funded H2020 project SolBio-Rev is developing a
flexible energy system for covering a large share of energy needs in
buildings in a wide variety of climates. The system mainly relies on
solar and biomass sources to cover heating and cooling demand of
buildings and can be operated in different modes according to the
location of installation and the season. In the present paper, the
feasibility of the innovative solar-biomass driven system is
explored, in a range of conditions able to cover almost all European
cases. Compared to the solutions in this study, previous literature
focused more on specific technologies, restricted geographical lo-
cations and emphasized on the specific technical parameters of the
system analysed. Instead, in the present work, indications on the
possible configurations and research directions in the perspective
of a 100% renewable energy system in residential applications are
given. The cases analysed demonstrate how it is possible to
Fig. 1. General concept of SolBio-Rev hybrid system.
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suggested methodology is also framed in a way that makes it
applicable to other cases globally.
The paper is structured as follows: in section 2, the system
layout and operation in different climates and seasons are pre-
sented; in section 3, the methodology for the evaluation of the
share of renewables in different cities and building typologies is
described. Section 4 gives an overview of the energy demand of the
buildings used for the study, whereas in sections 5 and 6 the results
are presented and critically discussed.
2. SolBio-rev HYBRID SYSTEM
The overall concept of the hybrid system proposed is shown in
Fig. 1. The main components of the system are: (1) solar thermal
collectors with thermoelectric generators (TEGs) [23]; (2) a sorp-
tion module; (3) a reversible heat pump/ORC; and (4) a biomass
boiler. The solar thermal collectors and biomass boiler represent
the main heat sources for the system. When cooling is needed, the
solar thermal collectors provide heat to the sorptionmodule, which
is connected in cascade with the heat pump, thus supplying space
cooling with high efficiency to the user, according to the operating
principle reported in Ref. [24,25] and clearly described in the
following section. Space heating can be obtained directly by solar
heat or, alternatively, by the biomass or through the heat pump.
DHW is directly supplied by exploiting heat from the solar collec-
tors or the biomass boiler. Electricity is produced by reversing the
heat pump as ORC or by means of the TEGs connected to the solar
collectors. The heat to the ORC can be supplied by either solar
collectors or biomass boiler. The condensation and adsorption heat
from the sorptionmodule and heat pump is released to the ambient
by means of a dry cooler. The actual configuration of the system
includes some additional heat exchangers for separating the
different circuits. For instance, the dry cooler circuit is equipped
with a plate heat exchanger that separates thewater/glycol mixture
needed for winter operation from the water in the distribution
circuit. Similarly, the storage tank includes a heat exchanger for
DHW (as prescribed by regulations) and the connection of the
biomass boiler to the ORC is done through a dedicated heat
exchanger, to allow working with pressurised water at 4 bar to
increase the operating temperature and therefore the efficiency of
the ORC.
The main features of the hybrid system proposed include the
exploitation of solar heat in awide temperature range, from15 C to19295 C and an innovative heat pump configuration. This consists of
twomain components, the sorptionmodule and the reversible heat
pump, connected in cascade. Indeed, the cascade configurations of
such components allows an increase in the efficiency of the
reversible heat pump for cooling production up to 40% [24,25]. The
reversible HP/ORC is instead based on the capability of reversible
operation of the components used in conventional heat pumps and,
in particular, the volumetric compressor. Such a concept was
already explored for industrial recovery of low-grade heat and for
power-to-heat applications for storing excess heat from renewables
[26,27] and was proved to be feasible. The more general reversible
heat pump/ORC concept is shown in Fig. 2: during heat pump
operation (Fig. 2b), the compressor is operated and heating is
provided at the condenser (in winter), whereas cooling is provided
at the evaporator (in summer). At ORC mode (Fig. 2c), solar or
biomass heat supplies the evaporator for power production by the
expander. Heat rejected at the condenser can be used for space
heating when needed or rejected to the ambient.
Moreover, in the present case, the heat pump is further inte-
grated with the sorption module, so that in summer the chilled
water produced by the sorption module is used to cool down the
condenser of the heat pump. During winter, instead, the sorption
module is not working and the heat pump is directly connected
either to the dry cooler or the storage tank, which supply ambient
or solar heat as evaporation source respectively, and to the user
circuit for provision of space heating. The operation of the com-
bined heat pump-sorption module is shown in Fig. 3.
The integration of TEGs with solar collectors has also been
recently studied in the literature [28,29]. For the present case, it
was considered that the TEG block is installed in the HTF circuit of
the solar collectors, so that, according to controls and temperature
levels, when TEGs are operated, the solar fluid passes through them
and allows their operation for electricity production. This leads to a
compact system that can utilize heat at a broad temperature range,
in order to meet the buildings energy needs. To better understand
the operation of the system, the main operating modes during the
different seasons are shown in Fig. 4.
During summer:
- DHW is provided by solar collectors, connected to the storage
tank.
- Space cooling is provided by the sorption module and the
reversible heat pump. In warm climates, the sorption module
takes heat at 80e90 C from the solar thermal collectors and
produces chilled water at 16e20 C. The sorption module is
working in cascade with the reversible heat pump and it is used
to cool down the condenser of the reversible heat pump. Space
cooling is provided to the user in the temperature range of
5e15 C from the evaporator of the heat pump. In order to have a
peak shaving effect both during summer and winter, a small
thermal buffer is connected to the reversible heat pump and the
user distribution system to store the energy produced by this
component. In cold climates, the sorption module is not
installed and therefore cooling is provided by the reversible heat
pump (this is also the case for warm climates when there is no
sun). Both in warm and cold climates, the heat rejected is
dissipated in the ambient by means of the dry cooler.
- Electricity is mainly provided by the grid. However, when there
is no need for space cooling, this can be provided by the ORC,
that uses the heat from solar collectors as the heat source (when
heat at temperatures higher than 90 C is available), or by the
TEGs (when there is the heat at a temperature level of
60e70 C).
Fig. 2. Schematics of reversible heat pump/ORC. (a) general layout of the concept; (b) operation as heat pump; (c) operation as ORC.
Fig. 3. Integration of the heat pump with the sorption module. (a) Summer operation; (b) winter operation.
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Fig. 4. Main operating modes of the hybrid system in (a) summer; (b) winter; (c) intermediate seasons.
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- DHW is provided by either the solar collectors or the biomass
boiler, if solar heat is not at a sufficient temperature level.
- Space heating can be provided by: (1) solar collectors if there is
heat at least 35 C (or if there is heat at higher temperatures
available but there is no need for DHW); (2) the reversible heat
pump working in solar-assisted mode, i.e. exploiting heat at low
temperature (15e20 C) from solar collectors as heat source for
evaporation; (3) the biomass boiler.
- Electricity is mainly provided by the grid. However, if biomass
boiler power exceeds the thermal power needed from the ORC
and the space heating demand this can be provided by the ORC,
that uses the heat from biomass boiler, or by the TEGs (when
there is solar heat at a temperature level of 50e60 C).
During intermediate seasons:
- DHW is provided by solar thermal collectors, using biomass
boiler as back-up if needed.
- Space heating (if needed) is provided by solar thermal collectors
or by the reversible heat pump exploiting either solar or
ambient heat as heat source for evaporation.
- Electricity is mainly provided by TEGs or the ORC. The latter one
uses biomass boiler as themain heat source, but the solar-driven
operation is possible in warm countries.
The system described is certainly characterised by a high
number of components in its most general configuration. As will be
discussed in section 6.1, for different building types and different
locations, it is possible to keep the efficiency of the system high,
while reducing the number of components needed. The main
advantage of the proposed hybrid system, e.g. over the hybrid PV-T
with heat pump solution, is the higher adaptability to different
climates, loads and seasons whereas the PV-T/heat pump solution
is mostly suitable for addressing only heating needs and, further-
more, a back-up system is needed for DHW [30]. In addition, the
share of renewables that can be achieved with the PV-T with heat
pump is usually lower than 60%, whereas the aim of the present
system is to go towards a 100% renewables scenario [30,31]. In
comparison with ground-source heat pumps system, constraints
related to the drilling for boreholes heat exchanger are eliminated
[32], still having the possibility of using low-temperature heat as
heat source for evaporation during winter. The numerous and
variable operating modes described allow for a high degree ofFig. 5. Methodology followed in the analysis including the evaluation of releva
195flexibility of the system, making it suitable for buildings with
different energy needs and situated in different climates. Therefore,
the analysis on the potentialities of hybrid system cannot preclude
from the specificities of the installation (i.e. the location and type of
building). The first step in the evaluation was then focused on the
analysis of the building stocks in different countries, representative
of European climate zones, and in different building types, that are
presented in the next section.
3. Methodology
The methodology followed in this step of the analysis is sche-
matically presented in Fig. 5.
The first step of the study was a comprehensive evaluation of
the building stock in Europe, with the aim of defining the heating,
cooling and domestic hot water demand that the hybrid SolBio-Rev
system should cover. To this aim, a review of the literature available
and open access databases that include the characterization of
different building typologies was carried out.
The building typology that was considered the most suitable for
the SolBio-Rev system are multi-family houses. For a better eval-
uation of the system potentiality, however, two cases were
selected: standard building (i.e. as built, without renovation, SBs)
and new and renovated buildings (NRBs). The heating, cooling and
DHW demands for SBs refer to the ones reported in the project
ENTRANZE [33]. In this database the energy needs are evaluated
through simulations on a reference building. In the case of SBs the
reference building is a south/north-oriented four-floor building
that includes 12e16 dwellings with a conditioned area around
1000 m2. The monthly energy demand was calculated considering
an indoor set point of 21 C with a 30% of humidity in winter, and
26 C and with a 70% of humidity in summer with a ventilation rate
was considered to be 0.8 air changes/hour. The DHW demand is
calculated by applying the Standard EN 15316-3-1. The information
regarding the NRBs are based on the information available from
Concerted Action on Energy Performance of Buildings (CA EPBD)
[34] and a survey of the literature. More details on building char-
acteristics and energy demand are reported in section 4. The data
for the building energy demand and the weather data are taken,
respectively, from ENTRANZE project and Meteonorm data. In both
cases, the data sets are in the form of a year of hourly data syn-
thesized to represent long-term statistical trends and patterns.
The reason for choosing multi-family houses instead of other
building typologies (i.e. single-family houses) is due to the intrinsic
complexity of the system and the difficulty in sizing some of thent building energy demand and the steps needed for the energy analysis.
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the lower loads associated to single-family buildings, since com-
mercial components are usually in bigger sizes. On the contrary,
results could be scaled and remain meaningful for e.g. offices and
school buildings, where heating and cooling demand are relevant
compared to DHW and the volume of the building justifies the
number of components needed in the system.
The results were used as input for the systematic assessment of
the hybrid system in different climates. Hence, a TRNSYSmodel was
realised to identify the solar potentiality in different climates. Input
data are weather conditions of the location chosen, the perfor-
mance data of solar collectors and the main operating modes for
the system in different seasons. Subsequently, considering the en-
ergy demand of buildings, the amount of energy that can be
covered by solar was calculated. Finally, based on the energy mix
and the climate conditions, an estimation on the best alternative to
cover demand from other sources (biomass, reversible heat pump)
was considered and the overall energy flows were used to evaluate
the shares of renewables achievable in different scenarios.
One of the peculiarities of the hybrid solar-biomass system is the
flexibility and the possibility to operate in several combinations. For
the analysis here presented, the following assumptions weremade:
1. The hydraulic circuit of the solar collectors is equipped with a
variable speed pump and its speed is varied according to the
desired outlet temperature. This, in turn, depends on the daily
weather conditions and the user needs.
2. Regarding the provision of DHW, the priority is given to solar
heat, followed by the biomass boiler.
3. Regarding heating demand, the highest priority is given to solar
heat. All the heat at 35 C is used for space heating, but also part
of the heat at higher temperatures can be used for this purpose,
if there is no need for DHW. The second sub-system, by order of
priority, for the provision of space heating is the heat pump, that
is operated with solar heat at 15 C as heat source for evapora-
tion, in order to increase its efficiency. The remaining demand is
covered by the biomass boiler.
4. Regarding space cooling provision, inwarm climates the cascade
combination of sorption module and reversible heat pump is
used; in colder climates the reversible heat pump covers the
whole cooling demand.
5. The ORC and TEGs are operated only when there is no heat
demand from the other components and the electricity pro-
duced is used only for driving the reversible heat pump and the
auxiliaries of the system. This means that in warm climates,
since the heat at 90 C in summer is used for driving the sorption
unit in the cascade, the ORC can be used mainly in intermediate
seasons when the reversible heat pump is not providing any
space heating/cooling. In this case, the TEGs are the prioritised
system for electricity generation. The demand that cannot be
met by solar conversion, is taken from the national grid. In
colder climates, the heat at 90 C during summer that is not used
by other components can be used to drive the ORC. It is worth
noticing that, in real system operations, the ORC can be also
driven by the biomass or by the combination of solar and
biomass. However, in the present analysis, this solution was not
considered because the electricity demand, which is strictly
related to occupancy profile and user behaviour, is not known
and, therefore, it is difficult to estimate the hours of operation
needed.
6. The efficiency of solar collectors depends on ambient temper-
ature and solar collectors’ temperature, whereas the efficiency
of the cascade sorption module, ORC and TEGs is considered to
be constant. For the sorption module, a thermal efficiency (COP)
of 0.5 was assumed [24,35]; for ORC an efficiency of 4% was196assumed [36], while for TEGs an efficiency of 2.5% was used as
reference value [37]. Additionally, the performance of the
reversible heat pump for space heating supply was assumed to
be constant, with a COP equal to 3.3 for solar-assisted operation.
For the compression unit working in summer mode, the EER
(Energy Efficiency Ratio, i.e. the ratio of cooling output/electric
input) considered is 4 for combined operation with the
adsorption module and 2.5 for operation as a stand-alone unit.
Such efficiencies are considered constant regardless of ambient
conditions or part load behaviour. Even though this is a
simplifying assumption, it serves the scope of the paper, i.e.
giving information on the theoretical achievable performance of
the system rather than detailed dynamic performance. To this
aim, the performance figures used were chosen using a
cautionary approach and therefore are in the low-medium
range of the ones theoretically achievable for the components
that are under development in the current research activities.
For instance, regarding ORC, the assumption of constant effi-
ciency reflects the different operating conditions during the
year. In this way, in winter or summer operation, ORC is ex-
pected to be cooled by the heating loop of the building or the hot
ambient respectively, leading to higher condensation tempera-
tures (40e50 C), whereas in intermediate season operation,
ambient heat of lower temperature is used as cooling medium
resulting in lower condensation temperature and pressure. This
fact in conjunction with the varying temperature and flow rate
of the heat source at the evaporator leads to different pressure
ratios in the cycle and thus, to different efficiencies which are
expected to range around 4%.
7. The storage tank is able to keep the desired temperature level
for covering daily DHW or DHW/heating demand. The sizing
procedure for the storage tank in order to comply with this
criterion is described in Appendix C.4. Energy demand of buildings in different climates
Starting point of the analysis is the evaluation of the boundary
conditions, i.e. the energy demand of different building typologies
in different EU climate zones. The hybrid system proposed can be
suitable in buildings with a high demand of heating and cooling
energy in both residential and commercial sector. In this context,
multi-family houses are considered, belonging to different con-
struction typologies of standard buildings (SBs) and new and
Renovated Buildings (NRBs).
In particular, the choice of NRBs is strongly motivated by the
Energy Performance of Buildings Directive (EPBD) that is bringing
Europe towards a high efficiency buildings scenario. The current EU
regulations (Directive 2010/31/EU) requires all the new buildings to
be nearly-zero energy buildings (nZEBs) by the end of 2020. An
nZEB can be defined as a building with high energy performance,
where the minimum requirements and the standard guidelines to
evaluate the energy performance are defined for each EU country,
in national plans based on the EPBD. The main characteristics and
the energy requirements of the building typologies selected, strictly
depend on the location of the building. Therefore, the feasibility of
the hybrid system proposed was evaluated considering the energy
demand of the building categories selected in three locations cor-
responding to the North, Central and South Europe climates,
namely, Madrid, Berlin, and Helsinki.
4.1. Characteristics and energy demand of standard buildings in
Madrid, Berlin and Helsinki
The data regarding the building construction characteristics and
Table 1
Average U-values for SBs considering multi-family houses in Spain, Germany and
Finland [33].
Country U-value [W/m2K]
Walls Roof Basement Windows
Spain 1.46 1.92 1.30 5.70
Germany 1.44 1.17 1.50 2.11
Finland 0.60 0.39 0.47 2.79
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open access databases such as TABULA/EPISCOPE [38] and
ENTRANZE. Table 1 reports the U-values used in the project
ENTRANZE [33] to calculate the energy demand for heating and
cooling of multi-family houses in the three selected locations.
Fig. 6 shows the value of the energy demand (heating, cooling
and DHW) of the SBs considering multi-family houses located in
Madrid, Berlin and Helsinki as taken from the ENTRANZE database
[33]. In Madrid (Fig. 6a), the months with the highest heating de-
mand are January and December (16 kWh/m2). During summer,
cooling is needed from June until September with highest cooling
demand in July (10 kWh/m2). In Berlin and Helsinki (Figs. 6b and
4c), heating is needed throughout the year. After the summer
months, the heating demand rapidly increases from September,
reaching amaximum in January and December (around 25 kWh/m2
for both locations). In Berlin, cooling demand is required in the
summer months, with the highest demand in July (3 kWh/m2),
while in Helsinki cooling is only required in August (around
0.5 kWh/m2). In all the locations selected the demand of DHW can
be considered constant during the year (between 1 kWh/m2 and
2 kWh/m2).Fig. 6. Monthly energy needs for heating, cooling and DHW of SBs considering multi-
family houses located in Madrid (a), Berlin (b) and Helsinki (c) [33].4.2. New and renovated buildings requirements in Spain, Germany
and Finland
As will be detailed in the following sections, the potentiality of
the SolBio-Rev hybrid system cannot preclude from the evaluation
of its installation in recent (or recently renovated) buildings. To this
aim, the energy requirements in the three climates selected were
analysed, on the basis of law requirements and existing data.
The building regulation in Spain that defines the basic re-
quirements is the “Ley de Ordenacion de la Edificacion de Espa~na”.
The document that regulates the energy efficiency in buildings is
the Royal Decree 235/2013 (Documento Basico de Ahorro de
EnergiadDBHE) and includes the obligation for all the new energy
buildings to be nZEB after 2020 (after 2018 for public buildings)
[39]. The energy performance requirements for new and existing
buildings are contained in the Technical Building Code (CTE) [40].
The main indicators used as a basis of an nZEB in Spain are primary
energy use, energy demand for heating and cooling, and the
building CO2 emissions. Since the building performance is related
to their location, the “Documento descriptivo climas de referencia”
divides the country in six different climate zones and four summer
climate zones. In Germany, the energy performance requirements
are defined by the Energy Saving Ordinance (EnEV). The efficiency
of new residential buildings is determined with a comparison with
a reference building that can be donewith two different calculation
methods (DIN V 4108-6 combined with DIN V 4701-10, or the DIN V
18599) [41]. For the existing residential buildings, conditional re-
quirements are mandatory in the case of a major renovation. For
non-residential buildings, DIN V 18599 is a mandatory calculation
method to define energy performance. In Finland, the energy effi-
ciency in buildings is regulated by the National Building code that
defines the requirements of the building energy consumption that197is calculated taking into account the energy source, setting a
maximum value of the overall energy consumption, depending on
the building typology.
In the new building stock in Finland, the maximum overall en-
ergy consumption is calculated considering the primary energy
factor that is lower for renewable energy sources and sources of
district heating/cooling. Table 2 reports the U-value requirements
for new buildings and the primary energy consumption for NRBs.
In the present analysis, the energy demand of the NRBs in Spain
was calculated as 45% of SBs considering that energy consumption
of SBs is 120 kWh/(m2 year) and the regulation for NRBs allows for
maximum 45 kWh/(m2 year). A correction factor was used to take
Table 2
U-value requirements and primary energy consumption for NRBs in Spain, Germany and Finland.
U-value [W/m2$K] Primary energy consumption [kWh/m2 year]
Country Walls Roof Floor Windows Doors e
Spain [40] 0.23e0.56 0.19e0.50 0.48e0.80 1.5e2.7 e 40/86
Germany [41,42] 0.28 0.20 0.35 1.3 1.8 65/100
Finland [41] 0.17 0.09 0.09 1 1 90
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Using the same approach, in Germany the energy demand of the
NRBs was considered to be 90% of the one of SBs from the existing
building stock. In Finland, the energy demand of NRBs was calcu-
lated as 80% of the one of SBs, which is 160 kWh/(m2 year)
considering the energy constraints from regulations on the
maximum annual consumption.4.3. Characteristics of the buildings selected
Starting from the analysis of the building stocks, the typical size
of the buildings in different climateswas evaluated and used for the
subsequent analysis. Rooftop and conditioned area in the various
locations are reported in Table 3. For both SBs and NRBs, the same
rooftop and conditioned area were considered.
All the analyses are done considering two different sizes of the
solar collectors’ field, namely 50% of overall rooftop area covered by
solar collectors and 100% of rooftop area covered by solar collectors.
Such a value refers to the area needed for the installation of solar
collectors. To calculate the effective solar collectors area it is
necessary to take into account the inclination of the collectors and
the distance to avoid shading [43]. The actual available area for
solar collectors in the two examined cases is shown in Table 3. It is
worth stating that all the results presented in the next sectionwere
normalised per unit area of the building, for fair comparison.Table 3





Useful solar collectors’ area for 50% rooftop
occupied [m2]
Finland 400 1000 120
Germany 200 800 70
Spain 100 400 75
Table 4
Summary of simulations and main assumptions.






Madrid, SBs-50% 75 COP ¼ 0.5 hel ¼ 4% EER ¼ 3.3
Madrid, SBs-100% 150 COP ¼ 0.5 hel ¼ 4% EER ¼ 3.3
Madrid, NRBs-50% 75 COP ¼ 0.5 hel ¼ 4% EER ¼ 3.3
Madrid, NRBs-
100%
150 COP ¼ 0.5 hel ¼ 4% EER ¼ 3.3
Berlin, SBs-50% 70 not installed hel ¼ 4% EER ¼ 3.3
Berlin, SBs-100% 140 not installed hel ¼ 4% EER ¼ 3.3
Berlin, NRBs-50% 70 not installed hel ¼ 4% EER ¼ 3.3
Berlin, NRBs-100% 140 not installed hel ¼ 4% EER ¼ 3.3
Helsinki, SBs-50% 120 not installed hel ¼ 4% EER ¼ 3.3
Helsinki, SBs-100% 240 not installed hel ¼ 4% EER ¼ 3.3
Helsinki, NRBs-
50%
120 not installed hel ¼ 4% EER ¼ 3.3
Helsinki, NRBs-
100%
240 not installed hel ¼ 4% EER ¼ 3.3
198Nonetheless, the characteristics of the national building stock in the
countries were taken into account by the different shape factor of
the buildings, which corresponds to a different useful area for solar
collectors in the various cases.
5. Systematic assessment of the hybrid system
A summary of all simulations and main assumptions used is
given in Table 4. In the following sections, results are presented and
discussed.
5.1. Calculation of solar heat available
The solar potentiality of the hybrid system is intended as the
amount of solar heat available in different climates and in the
different seasons. To this aim, a model was realised in TRNSYS18
environment, whose schematic layout is reported in Fig. 7: the solar
collectors, modelled by means of type 539, are connected through
lumped nodes representing the hydraulic circuit of the solar field
(type 31) to a thermal dissipator, that keeps the DT between inlet
and outlet of the heat transfer fluid (HTF) of the solar collectors at a
certain value; for the current simulations DTset ¼ 10 K was chosen.
Type 539 already includes a variable speed pump that regulates the
flow rate according to different control strategies. In the present





- winter Heat pump- summer mode TEGs
EER ¼ 4 (cascade operation), EER ¼ 2.5 stand-alone
operation
hel ¼ 2.5%
EER ¼ 4 (cascade operation), EER ¼ 2.5 stand-alone
operation
hel ¼ 2.5%
EER ¼ 4 (cascade operation), EER ¼ 2.5 stand-alone
operation
hel ¼ 2.5%
EER ¼ 4 (cascade operation), EER ¼ 2.5 stand-alone
operation
hel ¼ 2.5%
EER ¼ 2.5 hel ¼ 2.5%
EER ¼ 2.5 hel ¼ 2.5%
EER ¼ 2.5 hel ¼ 2.5%
EER ¼ 2.5 hel ¼ 2.5%
EER ¼ 2.5 hel ¼ 2.5%
EER ¼ 2.5 hel ¼ 2.5%
EER ¼ 2.5 hel ¼ 2.5%
EER ¼ 2.5 hel ¼ 2.5%
Fig. 7. Schematic layout of TRNSYS model realised.
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The data of the solar collectors and themain parameters used in the
TRNSYS model, as well as a more detailed explanation of the types
used, are given in Appendix A.
The desired outlet temperature Tout is controlled dynamically
according to different criteria, i.e. solar irradiation, ambient tem-
perature and DHW demand:
- When solar irradiation is higher than 500W/m2, Tout ¼ 60 C for
DHW production up to 0.05 kWh/m2/d. Otherwise, Tout ¼ 90 C
in summer for driving the sorption chiller and Tout ¼ 80 C in
other months to drive the ORC, which is the threshold temper-
ature for solar-assisted ORC operation.
- When solar irradiation is between 500 W/m2 and 300 W/m2,
Tout ¼ 60 C for DHW production up to 0.05 kWh/m2/d. Other-
wise, if the average ambient temperature for the day is equal or
lower than 15 C, Tout ¼ 35 C for space heating. If there is no
DHW need and the temperature of the day is higher than 15 C,
the heat is not used.
- When solar irradiation is lower than 300 W/m2, if average
ambient temperature for the day is lower than 15 C, Tout¼ 15 C
to use the solar heat as heat source for the reversible HP/ORC,
otherwise heat is not used.
Such a control is schematically shown in Fig. 8.
The results are shown in Fig. 9, where the solar heat available at
the different temperature levels is reported for the cities studied. InFig. 8. Control of the outlet temperature from sola
199Madrid, heat at 80e90 C is available from March till October from
60 kWh/m2 in October up to 100 kWh/m2 in August. During winter,
there is still a significant amount of heat at 60 C, which is useful for
DHW, i.e. around 35 kWh/m2 in January and February and 30 kWh/
m2 in November and December. In Berlin, heat at 80e90 C is
available from April till October from 30 kWh/m2 in April and
September up to 50 kWh/m2 in August. During winter, heat at 60 C
is available mainly in February, March and November, with a
maximum of 18 kWh/m2 in March. In Helsinki, heat at 80e90 C is
available in March.
In the Figures, also the overall incident energy per unit area is





5.2. Solar fraction in different climates
The main goal of the hybrid system here presented is to maxi-
mise the share of renewables in covering the energy demand of the
building (for heating/cooling, DHWand electricity). To reach such a
goal, a specific prioritisation of the generators for different climates
and seasons was considered, which is based on the assumptions
reported in section 3. The electricity produced is used for the
operation of the reversible heat pump and the auxiliaries of the
system. The equations used to calculate the different energy con-
tributions are reported in Appendix B.
Starting from the energy demand and for the various buildings
and the solar heat available from the collectors, the solar fraction









where the subscript “met” indicates the amount of DHWor heating
demand that is directly supplied by solar thermal collectors,
whereas the subscript “demand” indicates the overall annual de-
mand for DHWor space heating of the building under investigation.r collector according to operating conditions.
Fig. 9. Solar heat available at different temperature levels in (a) Madrid, (b) Berlin and
(c) Helsinki.
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with solar, without considering the use of solar heat as evaporator
source of the heat pump.
The results are shown in Fig.10 onmonthly basis. It is possible to
notice that in Madrid (Fig. 10a) SFheating higher than 50% can be
achieved when 100% of rooftop is covered with solar collectors, in
NRBs in January, February and December and between 30% and 40%200for NRBs in March and for SBs in the whole winter season. The
advantage of better insulation of NRBs over SBs is then more
evident in colder seasons, when the heat from solar collectors can
be exploited to a greater extent in NRBs (i.e. up to 50% against 30%
of SBs from November to February). In Berlin (Fig. 10c), the SFheating
is especially high in intermediate seasons, due to the lower energy
demand and the higher solar radiation. Indeed, fromMarch to May
it is possible to get from 30% to 40% of overall heating load directly
from solar, whereas during winter only about 10% of the load is
supplied by solar collectors. The difference between SBs and NRBs
is not marked since, as already pointed out in sections 4.1 and 4.2
the difference in the construction of the buildings (from U-values
point of view) is not marked. In Helsinki (Fig. 10e), the situation is
similar to Berlin: during spring, 30e40% of heating demand is
supplied by the solar heating system, a fraction that drops to about
20% in autumn and below 10% inwinter. Due to the good insulation
of the buildings (even for the SBs), the difference between the SBs
and NRBs is less than 10%. It can be also noticed that, contrarily to
the case of Madrid, the difference between the two extensions of
solar collectors is not high since it is penalized by the very low solar
irradiation at the high latitude.
Looking at SFDHW, the values for all the different cases are quite
high. In this case, the difference between the two rooftop coverages
(50% and 100%), both for SBs and NRBs is more clearly marked for
colder climates. Indeed, in Madrid (Fig. 10b), it is possible to cover
the whole DHW demand already with 50% of rooftop, thanks to the
higher solar radiation. During summer, SFDHW is instead low, which
represents a counterintuitive result and it is linked to the priorities
given: in summer, the vast majority of heat is exploited to run the
cascade chiller for covering cooling demand with high efficiency.
However, a proper control strategy could be applied to ensure that
solar radiation can supply the whole DHW even during these
months. In Berlin (Fig. 10d), during intermediate seasons (February
to May and September to November) the SFDHW is 100% as well,
even with 50% rooftop area. Even in this case, during summer the
solar fraction is lower: this is due to the fact that the heat at higher
temperatures is used to drive the TEGs to produce the electricity to
feed the heat pump, but, also in this case, a proper control strategy
could be applied to ensure SFDHW ¼ 100% even in summer. The
situation is different in Helsinki (Fig. 10f), where during winter less
than 10% of DHW can be produced by exploiting solar heat, whereas
in intermediate seasons and in summer it is possible to reach 100%
of SFDHW. In August, similarly to the case of Berlin, heat at higher
temperatures is used for TEGs to exploit renewable heat for the
heat pump.
5.3. Energy flow analysis
The results of the analysis are presented, in form of Sankey di-
agrams, in Fig. 11-Fig. 16, where all the input and output flows are
reported. All the quantities are in kWh/(m2 year). Six scenarios
were chosen for the analysis, i.e. SBs with 100% rooftop surfacewith
solar collectors and NRBs with 50% rooftop surface with solar col-
lectors, in the three examined cities (Madrid, Berlin and Helsinki).
All the flows are in kWh/(m2year).
A critical discussion of the results here presented will be done in
the next section, whereas in the present only the main findings will
be highlighted.
For the case of SBs-100% in Madrid (Fig. 11), it is possible to
notice a different distribution of energy flows between the SBs and
NRBs, which is essentially due to the different insulation, and
therefore heating and cooling demand in the two cases. In partic-
ular, for SBs, the biggest part of solar energy is used for driving the
cascade chiller in summer and for ORC and DHW in intermediate
seasons. Only a small portion of heat is used for direct spaced
Fig. 10. Solar fraction for heating in (a) Madrid, (c) Berlin, (e) Helsinki and for DHW in (b) Madrid, (d) Berlin, (f) Helsinki.
Fig. 11. Sankey diagram for SBs in Madrid with 100% solar collectors’ surface. All the flows are in kWh/(m2year).
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Fig. 12. Sankey diagram for NRBs in Madrid with 50% solar collectors’ surface, values are in kWh/(m2year).
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The contribution of biomass for direct space heating is relevant,
whereas, as already stated before, the one for DHW is limited,
thanks to the high SFDHW. With the configuration presented, about
1/3 of overall electricity needed for auxiliaries can be self-
produced. For the case of NRBs-50% (Fig. 12), the total annual dis-
tribution of solar contributions to cascade, ORC and DHW is almost
equal. Compared to the previous case, heating and cooling demand
is much lower and therefore the energy that the biomass boiler has
to supply is about 45% of the SBs-100% case. In this situation, about
half of electricity needed can be self-produced. For both SBs and
NRBs, almost all cooling load is satisfied using the cascade chiller
configuration, thanks to the high amount of solar heat at 90 C that
can be collected during summer. This allows at least 40% of
reduction of electricity needs [24]. The heat losses to the ambient
are mainly due to the condensation and adsorption heat dissipated
in summer and by ORC and TEGs. Such a contribution of heat losses
is obviously higher in SBs (116 kWh/(m2year) vs. 57 kWh/(m2year))
due to the higher utilization rate of these solar conversion systems.
For the case of Berlin for SBs-100%, what is interesting, and will
be better discussed in section 6.1, is the different share of utilization
of solar energy. Indeed, as shown in Fig. 13, about 30% of the overall
solar energy in SBs is used for direct space heating and about 40%
for driving the ORC. The remaining contributions of solar energy are
almost equally divided between DHW, and the winter operation of
the reversible heat pump (i.e. with solar collectors supplying the
evaporation heat for the reversible heat pump). Fig. 13 shows that
the biomass boiler supplies only a small fraction of the overall
demand of DHW, but it is the main energy source for space heating.
The reversible heat pump utilization for heating with high effi-
ciency is exploited as well. The losses to the ambient mainly derive
from the operation of ORC and, secondarily, from the TEGs and the
reversible heat pump due to the condensation heat rejected during
summer operation. Compared to the case of Madrid, it is possible to
notice that solar energy harvested is about 43% lower, due to the
higher latitude and low solar irradiation, but also heat losses to the
ambient are lower, indicating that a smaller heat rejection system
could be installed. As already noted in the previous section, the
situation for NRBs-50% (Fig. 14) is similar, due to the similar con-
struction materials of the buildings. Compared to the case of
Madrid (NRBs-50% in Fig. 12), the amount of energy that the
biomass boiler has to supply is about four times higher. At the same
time, about twice the electricity is needed over the year, mainly due202to the use of the heat pump for cooling in a stand-alone
configuration.
The solar heat harnessed in Helsinki both for SBs-100% (Fig. 15)
and NRBs-50% (Fig. 16) is similar to the one in Berlin (about
85 kWh/(m2year) for SBs-100% and 68 kWh/(m2year) for NRBs-
50%). However, as it is reported in Table 3, this is obtained by us-
ing a wider extension of solar collectors, due to the different ratio
between rooftop and conditioned area of the building. The contri-
butions of the various heat sources are similar for the two cases,
due to the small differences in the building constructive features. It
is worth remarking that the contribution of the solar-assisted
operation of the heat pump in winter is higher for the SBs-100%
(due to the wider extension of the solar field), whereas for NRBs
a higher integration from the biomass (130 kWh/(m2year) against
100 kWh/(m2year)) is needed. In SBs the TEGs can be better
exploited, whereas in NRBs, both ORC and TEGs can be used.
Cooling demand is negligible in both SBs and NRBs. It is worth
noticing that the advantage in the choice of solar-thermal-based
electricity production systems over PV, despite the lower effi-
ciency, is justifiable from what was shown in this section. Indeed,
the utilization of a thermal systemwith a proper control allows for
the maximum exploitation of heat at different temperatures, which
is not the case of a PV-based system that allows only electricity
production and requires the operation of the solar panels at low
temperatures.6. Discussion of results
6.1. Evaluation of the best configuration for each climate zone
The proper selection of the optimal configuration for each
climate zone should take into account energy, economic and
technical considerations and come from a compromise among
them. However, the aim of the present analysis is to maximise the
share of renewables in each climate, thus selecting the renewable
energy contributions as the key driver for the final choice. The ef-
fect of the different solar extensions and climates on the amount of
heating and DHW demand was already presented in the previous
section, but to better evaluate the obtained results, Fig. 17 shows
the relative contributions of the different energy sources for
covering the overall heating demand on monthly basis. In addition,
in Fig. 18, the distribution of the heat sources for electricity is
shown, for the same cases as in the analysis of the previous section
Fig. 15. Sankey diagram for SBs in Helsinki with 100% solar collectors’ surface. All the flows are in kWh/(m2year).
Fig. 14. Sankey diagram for NRBs in Berlin with 50% solar collectors’ surface. All the flows are in kWh/(m2year).
Fig. 13. Sankey diagram for SBs in Berlin with 100% solar collectors’ surface. All the flows are in kWh/(m2year).
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Fig. 16. Sankey diagram for NRBs in Helsinki with 50% solar collectors’ surface. All the flows are in kWh/(m2year).
Fig. 17. Distribution of heating contributions from solar, biomass boiler and heat pump for covering heating demand for (a) SBs-100% in Madrid, (b) NRBs-50% in Madrid, (c) SBs-
100% in Berlin, (d) NRBs-50% in Berlin, (e) SBs-100% in Helsinki, (f) NRBs-50% in Helsinki.
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Fig. 18. Energy sources utilizations for electricity in Madrid for (a) SBs-100%, (b) NRBs-50%, in Berlin for (c) SBs-100% and (d) NRBs-50%, in Helsinki for (e) SBs-100% and (f) NRBs-50.
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not being a leading criterion in the foreseen optimization of SolBio-
Rev system, in the following analysis the possible simplifications of
the systems in terms of layouts and solar collectors’ area is dis-
cussed, that would also lead to a reduction of costs and system
complexity.
In the previous section, for each climate, the cases of 100% solar
collectors in SBs are compared with the case of 50% solar collectors
in NRBs. Indeed, such a choice was made because in NRBs, which
have better insulation, there is no need to increase the surface of
solar collectors to cover, through renewables, a wide share of the
energy demand of the building. On the contrary, for SBs, using 50%
of rooftop only strongly penalises the share of renewables. In
Madrid, only 40% of overall heating demand and cooling could be
covered through renewables. In Berlin and Helsinki, only 25% of205overall heating demand and 60% of DHW demand could be pro-
vided, whereas the effect on cooling demand would be negligible
since it is already supplied from the reversible heat pump.
6.1.1. Madrid
In Madrid, the effect of solar collectors’ surface extension is clear
in how much heat can be exploited for space heating: doubling the
collectors’ surface allows to almost double the solar heat that can be
directly used for space heating. The heat pump (in solar-assisted
operation), supplies about 15% of heating demand for each month
in both cases. It was already shown in Fig. 10 that even with 50% of
solar collectors it was possible to get up to 100% DHW demand only
using solar heat. The distribution of sources for heat generation is
instead shown in Fig. 18a and b, where it is possible to show that
TEGs are practically not used, whereas ORC can supply up to 24% of
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high temperature heat to drive the cascade chiller during summer.
However, the actual operation of the system could be improved by
proper control. For instance, TEGs could be operated in “night-
mode”, i.e. exploiting at night the heat rejected at low temperatures
and heat from the short-term storage (at T < 60 C) for electricity
production [23]. Considering that they have no moving parts, silent
operation is possible, thus avoiding possible acoustic comfort
problems for the occupants. Therefore, it is possible to state that the
optimal configuration of Madrid can be obtained by a techno-
economic analysis to define the optimal sizing of the solar collec-
tors according to the amount of heating load with solar energy
desired, since also with only 50% of solar collectors, more than 90%
of cooling and DHW demand can be supplied directly using solar
heat.
6.1.2. Berlin
In Berlin, increasing the surface of solar collectors leads to an
increased amount of heat useful for DHW and as heat source for
evaporation of the heat pump in winter, that can supply even up to
30% of heating demand during intermediate seasons (Fig. 17).
Another marked difference shown in Fig. 18 is the different distri-
bution of electricity provision in the two cases: for SBs-100%, the
higher solar extension allows to reach higher temperatures for
driving the ORC, whereas for NRBs-50%, TEGs are mostly exploited,
due to the possible utilization of heat at lower temperatures.
Compared to Madrid, however, in both cases examined, the inte-
gration needed from the grid is lower. These results show that, even
in Northern climates, the potential for solar collectors’ exploitation
is high. At the same time, it is possible to notice from Fig. 18, that
both in SBs and NRBs, the contemporary installation of TEGs and
ORC does not actually result in an effectively higher production of
electricity since there is a predominant contribution (TEGs in NRBs
and ORC in SBs). In this case, then, a rationalisation of the config-
uration can then result in the selection of the best electricity gen-
eration device according to the specific features of the buildings
and the extension of the solar collectors: in buildings with lower
heating demand or when a higher number of solar collectors can be
installed, ORC is preferable, otherwise it is advisable to make use of
a standard heat pump (that presents less complexity and expenses)
and optimise electricity generation through TEGs, thus decreasing
also the cost of the solution.
6.1.3. Helsinki
For the case of Helsinki, it is possible to notice from Fig. 10 that
the relative share of solar heat for DHW is still high, despite the
northern location. Fig. 18 shows that, compared to the warmer
climates where the ORC operation is not possible in summer due to
the need for coolingwith the cascade chiller, the share of renewable
electricity is significantly higher, up to 62%. In this climate, where
the biomass boiler would however run for longer hours, it could
also be possible to exploit it for hybrid operation with the ORC to
further increase the share of renewable electricity. In this case, it
would be possible to prefer the installation of ORC instead of TEGs.
It is also worth noticing, from the Sankey diagrams in Figs. 15 and
16, that, in Helsinki, the cooling demand is extremely low, i.e.
0.5 kWh/(m2 year). At the same time, in Finland, electricity is
produced with a high share of renewables [44e46], thus making
the use of this source an interesting alternative when prioritising
the different generation sources. This means that a higher share of
heating load (especially in intermediate seasons) could be covered
using the heat pump rather than the biomass boiler. An optimal
configuration could then be represented by the SolBio-Rev system
presented in Fig. 1 without TEGs but using a ground-source heat
pump, to be exploited for cooling purposes in the summer and as206heat source for evaporation of the reversible heat pump in winter,
thus extending the operating hours of such a unit.
6.2. The role of nZEBs
Among the building typologies selected, the category of NRBs
was specifically chosen since, for a vast extent, it includes buildings
that are already compliant with nZEBs EU regulations to which all
new buildings in the EU should comply by 2021. It was demon-
strated, in the previous sections, that the construction features of
the buildings strongly affect the utilization of energy resources.
This is a result of the uttermost importance, since the relative
weight of the contribution for DHW, compared to heating demand,
is higher for nZEBs in general and the possibility of efficiently
covering it from RES indicates the potentiality of the solution here
proposed especially for this type of buildings. From the results in
Fig. 17 it can also be noticed that the relative percentage of heating
demand covered by the different technologies, are similar for SBs
and NRBs in each climate, but with half of the solar collectors
installed for NRBs. Therefore, considering that the building stock of
the EU will evolve towards a higher number of nZEBs, and
considering that this building typology allows an effective utiliza-
tion of the solar-biomass generation system here presented, it is
possible to state that the proposed solution has the potential for the
application in the future energy system of the EU.
6.3. Comparison with other systems
A direct comparison of the solar-biomass system here presented
with other solutions is difficult, since a homogeneous evaluation of
boundary conditions should be applied. Nonetheless, a qualitative
evaluation of the different systems proposed can be useful to
highlight the main features of the different heat sources and
technologies.
For instance, in Ref. [14], a micro-CHP system to cover electricity
and heating demand of a single-family house is presented. What is
clearly evidenced is that the optimal sizing of the system allows
covering the warm season heat and electricity demand, which
changes according to the different European climates. However, an
auxiliary boiler is needed to integrate the winter demand. Ac-
cording to the climate, the optimal size of the auxiliary boiler is in
the range 100e200% of the thermal capacity of the micro-CHP. The
system is mostly penalized in warm countries, where the heat
rejected to the ambient during summer is higher. One of the main
features of the solar-biomass system is instead the possibility of
using excess heat to produce electricity from TEGs and to drive the
sorption chiller during summer, thus increasing the overall appli-
cation scenarios in different geographical installations.
Another technology that is gaining interest in the last years, due
to the transition towards an electrified energy system, is solar-
assisted heat pump technology. Its application in households is
discussed for instance in Refs. [18]. The solution proposed consists
of a radiant floor heating system, a gas boiler and a photovoltaic-
assisted air-source heat pump as heat sources, with a water tank
as thermal energy storage. The study assessed the promising fea-
tures of the system as a way to increase self-consumption of
renewable-based energy by 30% compared to state-of-the-art sys-
tems, but still winter operation mainly relies on the gas boiler.
Another difficulty encountered is the non-optimal operation of the
heat pump under variable set-points, which should instead be used
to exploit the storage tank as a means to accumulate energy pro-
ducedwhen it is cheaper or when there is amaximum of renewable
energy available. The use of a reversible heat pump allows covering
both heating and cooling demand with a simple configuration,
which reduces the complexity of a great amount compared to the
Fig. 19. Overall share of renewables.
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such a systemwith high efficiency still requires some efforts in the
control and in the proper selection of components.
A more complex solar-driven system is presented in Ref. [21],
which includes parabolic trough solar collectors and an organic
Rankine cycle for combined cooling, heating and power (CCHP) is
presented. In this system, a portion of the waste heat is used for
heating through a heat exchanger and the other portion is used for
cooling through a single-effect absorption chiller. In order to ach-
ieve good efficiencies, a balance based on demand variation on
daily basis should be done, since increasing the stored thermal
energy reduces the electrical efficiency and vice versa. The
maximum electrical efficiency for the solar mode found was 15%,
for the solar and storage mode was 7%. Only when cooling is
needed, overall energy efficiencies (¼energy used/overall solar
energy) higher than 90% can be achieved, making the system more
promising for the locations when substantial amount of cooling is
needed. The SolBio-Rev system, instead, showed that a high utili-
zation of renewable heat can be achieved also during winter season
and also at higher latitudes.
In [22], a residential combined cooling heating and power
(CCHP) system based on proton exchange membrane fuel cell
(PEMFC) and solar energy is proposed. This system mainly consists
of a PEMFC subsystem, an organic Rankine cycle/domestic hot
water subsystem and a vapour compression cycle subsystem. Since
the main source for the system is solar, the efficiency of the system
is highly dependent on solar availability. One of the peculiar fea-
tures of this system, which makes it close to the one here investi-
gated, is its high flexibility: it is reduced to a CCH system driven by
an ORC/DHW subsystem and a VCC subsystem when the current
density is zero, and reduced to a CHP system with a PEMFC sub-
system and a DHW subsystemwhen the solar radiation intensity is
close to zero.
One remark worth considering is the difficulty in installing and
operating hybrid systems, such as the one investigated in this paper
and the ones reported in the literature in new and existing build-
ings. Indeed, the key aspect of SolBio-Rev system is the integration,
as much as possible, of the different components, such as the TEGs
with the solar collectors, that will be organised in form of a TEG
block, and the sorption module and heat pump/ORC that will be
realised as a single unit. It is also important to notice that current
regulations in several EU countries already require the installation
of renewable-driven equipment to cover, through renewables a
share of the building energy demand [41] and therefore the added
complication due to the various components of the system lever-
ages on existing practices and knowledge from designers and in-
stallers and can be compensated through proper training actions.
6.4. Is there a 100% renewable scenario?
As previously shown, the potentiality of the solar-biomass sys-
tem presented is high. However, still large losses are present, which
are mainly due to the utilization of TEGs and ORC. Indeed, further
improvement in the performance of the system could be achieved
by using the waste heat from these components. Indeed, in the
literature, the possibility of using the waste heat from ORC was
investigated either for direct space heating applications [47] or for
improving the efficiency of a heat pump [48]. Similarly, the heat
from TEGs could be recovered through a ventilation system to
improve the energy efficiency of green buildings, as suggested in
Ref. [49], while improving the performance of the TEG itself.
Moreover, if a penalisation in terms of overall COP is accepted, the
use of low-temperature waste heat from TEGs (50e60 C) could
also be used in intermediate seasons for DHW or to drive the
sorption chiller [50].207Finally, the results were critically analysed with the aim of
defining the potentiality of SolBio-Rev system here presented to
reach 100% renewable for residential applications. To this aim, the
contributions to the overall heating, cooling, DHW and electricity
demand were aggregated according to renewable (solar and
biomass) and non-renewable ones.
To take into account that part of the electricity absorbed from
the grid comes from renewable generation, the contribution of the
electricity was weighted considering the following share of
renewable generation for the national electrical grid: 47% in Ger-
many [51], 46% in Finland [52], and 33% in Spain [53].
The results in Fig. 19 show that without any specific control
strategy or optimized control, it is already possible to obtain 100%
cooling (in Madrid) and DHW from RES (in all climates), and more
than 80% of heating from RES (with the only exception of Madrid in
SBs, that is at 80%). In section 6.1, the possible strategies to improve
electricity generation from RES were discussed as well, indicating a
path towards a substantial increase also of this contribution. In
addition, the application of suitable control models, that will be
applied in the next stages of the development of the present
project, can increase the penetration of renewables by 25% [10],
thus further stressing that the target of a 100% RES based system is
within the reach for the multi-generation system here presented.7. Conclusions and future research perspectives
In this paper a renewable-driven energy system suitable for
residential buildings was analysed in different locations, with the
aim of assessing its potentiality for a massive decarbonization of
the actual and future building stock. The main components of the
hybrid system are: solar thermal collectors with thermoelectric
generators; a sorption module; a reversible heat pump/ORC and a
biomass boiler, arranged in a flexible configuration. The systemwas
designed in order to cover heating, cooling and DHW demand with
a high share of renewables according to the specificity of the
installation (i.e. the location and the electric/thermal energy ratio
of the building). The application of the system inMadrid, Berlin and
Helsinki for multi-family houses and two main building typologies,
i.e., standard (non-renovated) new and renovated residential
buildings was evaluated through an energy flow analysis, consid-
ering also the possibility of installing different solar collectors’
surfaces. Main goal of the analysis was to show the share of re-
newables achievable in the different latitudes, highlighting the
relative contribution of the different heat sources and their
different utilization according to building-specific and climate-
related issues. The main outcomes of the energy analysis are the
V. Palomba, E. Borri, A. Charalampidis et al. Renewable Energy 166 (2020) 190e209possibility of achieving solar fractions for DHWextremely high (i.e.
>80%) even in northern climates and the possibility of covering a
wide share of heating demand (up to 60% in Madrid and up to 30%
in Berlin and Helsinki) thanks to solar heat only during interme-
diate seasons. In Madrid, the exploitation of solar heat as driving
source for a combined sorption-compression cycle in summer al-
lows an efficient cooling, with significant savings in terms of elec-
tricity needed.
In addition, it was shown that the proposed configuration is
widely adaptable to different situations without penalising the
overall share of renewables. For instance, it was demonstrated that
if there is the need to reduce the size of the solar field, it is still
possible to cover a significant part of DHW demand and electricity
demand, by preferring TEGs over the ORC.
Finally, analysing the results for nZEBs the potentialities of the
system were further assessed, proving that the solution proposed
has the potentiality to reach the 100% renewable energy target in
the future EU building stock.
Starting from these results, the future directions of research for
the full exploitation of renewable energy in buildings can be
identified: a key issue is the need for optimized control strategies,
able to predict and drive the operation of complex systems, based
on building load, user demand and climate conditions. Another
driver for future research in this field is the development of proper
sizing methodologies and tools that consider the system from a
holistic point of view. Indeed, in the present analysis, the final goal
was to demonstrate the paths to be followed to maximise renew-
able energy generation for buildings self-consumption in a kind of
system never presented before. However, as technology matures
and its readiness level and marketability increase, techno-
economic evaluations cannot be disregarded and therefore suit-
able tools should be developed to cope with them. Finally, tech-
nological development of the various heat sources and uses, in the
view of inter-operable and easy-to-install solutions will remove
acceptance barriers for these systems, really creating an increased
market and strengthening the role of renewables.
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